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Abstract 
Efforts to sequester or otherwise manage carbon dioxide emissions on a large scale will require an improved understanding of the 
geospatial characteristics of anthropogenic CO2 sources. Recent work by the authors using newly collected data from the US 
Environmental Protection Agency showed that even though there are some regions of the US with access to significant supply of 
CO2, most regions of the country do not have sources that are concentrated enough or large enough to support large-scale carbon 
management activities. What’s more, the life cycle carbon burdens of different CO2 sources varied considerably with some 
sources, e.g., extracted wells, having a much larger carbon footprint than those where CO2 is a by-product, e.g., acid gas 
processing facilities. Here, the effect of source switching was explored in the context of CO2-enhanced oil recovery (CO2-EOR). 
At present most CO2-EOR operations in the United States rely on CO2 that is extracted from dedicated wells generating nearly 
pure CO2. By-product CO2, in contrast, is produced from a number of other industries including natural gas processing plants 
where small mass fractions of CO2 are removed from the gas stream. The emissions implications of these two sources of CO2 are 
significant in the context of CO2-EOR application because in one case, CO2 emissions are being avoided but in another they are 
not. Yet the switch from an industrial paradigm in which extracted CO2 is used to one in which by-product CO2 may not be as 
straightforward as it appears. Here, the SimCCS model is applied to the oil-producing Permian basin in west Texas to understand 
what the effect of source switching would be on CO2 demand, infrastructure, and overall emissions. The results suggest that at 
present scales of deployment, the costs associated with switching to by-product CO2 are higher than extracted CO2 because of the 
need for new infrastructure. Nevertheless, the observed emissions reductions are large in an absolute sense and suggest that this 
strategy be more seriously considered. A new infrastructure would be needed to connect by-product CO2 sources with CO2-EOR 
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sinks but the cost of this is not so great that with a modest economic incentive, source switching of CO2 could represent a near-
term strategy for reducing CO2 emissions and increasing oil production.  
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1. Introduction 
Carbon capture, utilization, and storage (CCUS) technologies are being developed to manage the CO2 emissions 
that are driving anthropogenic climate change [1]. Even though a number of CCUS pathways have been proposed, 
most involve the injection of CO2 into the deep subsurface as a means of permanent storage. Research and 
demonstration projects have been most heavily focused on saline aquifers as a target repository since they are 
geographically distributed across the globe and their sequestration capacity is large [2]. In contrast, the most 
widespread form of CCUS is CO2-enhanced oil recovery (CO2-EOR), which involves the injection of CO2 into oil 
fields that have already completed primary oil production to stimulate additional oil production.  
 
CO2-EOR can produce as much, if not more, oil that primary production depending on the formation type [3]. 
During CO2-EOR, some CO2 is trapped permanently in the pores of the formation whereas some fraction of the gas 
returns to the surface. This fraction is typically captured by the oil producer and used in another well [3]. The net 
effect is that most of the CO2 that oil producers use for CO2-EOR is ultimately sequestered in deep oil fields and 
kept out the atmosphere. The US currently supplies over 50 MtCO2 per year to CO2-EOR facilities, which represents 
the vast majority of the total CO2 produced each year [4]. In general, the CO2-EOR market is ‘CO2 limited’ meaning 
that if more CO2 were available, more oil could be produced. The supply limitation has led to the development of 
pipeline networks in west Texas and other regions to connect CO2 supply with demand.  
 
Recent research by the authors has identified “CO2 Deserts” in the United States, where substantial areas of the 
Contiguous United States do not have access to viable supplies of large quantities of CO2 [5]. In many locations 
were these quantities of CO2 are available, large quantities are also used and thus contracts and markets for 
supplying and procuring CO2 do not exist. For the most part, however, the CO2 that is supplied for EOR is 
transported from far away sources of extracted CO2 deposits [6]. The CO2 is mined from subsurface reservoirs—
much like oil or natural gas reservoirs—transported often long distances by pipeline to other locations where it is 
injected back underground to produce oil [7]. These activities relocate approximately 50.7 MtCO2 per year from one 
subsurface location to another in the United States and thus do not mitigate CO2 emissions to the atmosphere [1].  
 
The counterintuitive aspect of the CO2 Deserts analysis is that CO2 is generally overproduced in the United 
States and elsewhere throughout the world; primarily as a by-product of electricity production using fossil fuels and 
of numerous industrial processes (e.g., cement manufacturing, ethanol refining). Far more CO2 is produced than is 
used as a feedstock for processes that produce commercially viable products [8]. The landscape for commercially 
source CO2 is unusual because even though CO2 is being generated in great abundance, the large majority of this 
CO2 is either technologically or economically not recoverable [4]. Either the waste streams containing the CO2 are 
too dilute (e.g., power plants) or the sources are too small and geographically isolated (e.g., ethanol refineries) [5]. 
As a result, most CO2 suppliers have turned to natural formations, which are dedicated wells drilled to produce pure 
or nearly pure CO2. Technologically, these wells share a lot in common with natural gas production wells [9]. Even 
though there are relatively few of these wells extracting CO2 to supply the market for EOR and other end uses, these 
wells dominate the marketplace in terms of total volume of CO2 produced. This dominance is driven in part by the 
supply security of these sources and because their size is well suited to supporting pipeline infrastructure [10].   
 
The problem with using extracted CO2 in EOR and other applications is that it does not constitute a net removal 
of fossil CO2 from the atmosphere [11]. If by-product CO2 could be used for EOR instead of the extracted CO2 it 
would represent a major net storage opportunity [12]. This characteristic of the CO2 supply market is best 
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understood in the context of the full life cycle assessment of these CO2 supplies. The overall burden of delivering 
CO2 from by-product and extracted sources is the sum of the marginal burdens of producing the CO2 plus a credit 
that may arise from ‘avoiding’ emissions of CO2 from the industries that produced the gas. In the case of by-product 
CO2 comes from natural gas processing plants, ammonia production facilities, hydrogen production, or ethanol 
plants, it is appropriate to apply a credit for capturing CO2 and delivering to an end user that will sequester it. In the 
case of dedicated wells, no credit would be applied since the CO2 is being produced for the sole purpose of 
supplying industries downstream. For all industries, the magnitude of the marginal emissions burdens of capturing 
and handling the CO2 is considerably lower than the credit that would be assigned for avoiding emissions [5].  
 
Natural gas production wells, many of which do produce CO2 as a by-product, would be able to capture and sell 
their CO2 to other industries while obtaining a credit for not emitting the CO2 that comes from their process. Most 
natural gas processing plants process gas streams with anything from trace amounts of CO2 up to 10% or more CO2. 
Generally, the higher the concentration of CO2 in the gas stream, the more likely the facility is to capture the by-
product gas. But in all cases, the life cycle burdens of producing this CO2 are only a function of the marginal burden 
of capturing the CO2 slipstream, which is not well specific. We estimate that the life cycle burdens of producing 
CO2 from natural gas treatment facilities is -0.96 kg CO2eq/kg CO2 whereas the burdens associated with producing 
it from natural wells is 0.21 kg CO2eq/kg CO2 [5]. 
 
With the goal of achieving CO2 emissions reductions, switching CO2-EOR facilities from using extracted CO2 
to using by-product CO2 could lead to net reductions in CO2 emissions on a lifecycle basis. Continuing to use 
extracted CO2 will lead to net increase in CO2 emissions. Consequently, this switch seems like a win in terms of 
reducing net emissions and a win in terms of supplying more CO2 to carry out CO2-EOR. This substitution can 
reduce net CO2 emissions to the atmosphere and serve as initial steps towards mitigating CO2 emissions from the 
industries that contribute most of the CO2 emissions to the atmosphere. No analysis to date has looked at the some 
of the larger scale implications of this switch and what it would mean for the CO2 pipeline networks that are needed 
to supply these projects.  
 
The goal of this work was to use a systems-scale model of CO2 sources, sinks, and transmission networks 
(Called SimCCS) to understand whether switching from extracted to by-product CO2 would be viable. Our primary 
performance criteria are the CO2 intensity of delivering the CO2 and the cost of the delivered gas. Our hypothesis 
was that the net emissions reductions that we report on a LCA basis cannot be easily achieved across facilities 
because of source limitations associated with the network composition and geospatial characteristics and so 
achieving these reductions fleet-wide will be challenging.  
2. Methodology 
We modeled existing and deployed carbon dioxide supply chain infrastructure using the Scalable infrastructure 
model for CO2 Capture and Storage, SimCCSCAP (13). The SimCCSCAP model uses a mixed-integer linear program to 
identify the optimal combination of CO2 sources and sinks given existing or suggested pipeline networks under user-
defined scenarios in a cost-minimized manner. Full modeling details are provided by the authors elsewhere [13]. 
 
Here SimCCS was used to establish infrastructure requirements and estimate system costs for using by-product CO2 
from acid gas facilities instead of extracted CO2 from natural wells for CO2-EOR in the Permian Basin of Southeast 
New Mexico and West Texas. This region was selected to explore the effect of switching from extracted CO2 to by-
product CO2 because it is one of the leading CO2-EOR regions in the country and because it is currently heavily 
dependent on extracted CO2. We assumed that all of the CO2 in the region is being injected into oil fields that are 
currently using the CO2 for EOR. Since we are interested in understanding the differences in supplying CO2, we did 
not consider the productivity of the EOR sites and thus assume that the deployment of these existing CO2-EOR 
projects occurs independent of the amount of oil they produce.  We constructed two scenarios: 
 
1. Existing: Dedicated wells drilled into natural CO2 reservoirs extract CO2 for EOR. 
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2. Optimized: Acid gas removal facilities interspersed within the locations of EOR reservoirs provide by-
product CO2 for EOR. 
 
Figure 1 shows the location of sources and sinks used in this analysis. The background in Figure 1 is a cost surface 
created for southern Colorado, New Mexico, and western Texas that captures the cost of running pipeline over a 
parcel of land. The surface was developed using the methods described in (6). The cost surface is color coded from 
yellow to brown; darker locations are less desirable for routing pipelines than lighter locations. The grey lines 
connecting the CO2 sources (red, numbered) and EOR reservoirs (blue) are potential pipeline routes that follow the 
most desirable paths between the sources and the reservoirs. The CO2 sources and reservoirs are sized according to 
the amount of CO2 they can provide (sources) or sequester (reservoirs) and their levelized costs. The diameter of the 
cylinder is proportional to the amount of CO2 that can be produced or sequestered per year, and the height of the 
cylinder is proportional to the levelized cost to acquire or sequester the CO2. 
Figure 1. CO2 Sources and Enhanced Oil Reservoirs Considered in This Study. This map shows a detail of the oil producing regions of West 
Texas. Forty-five sources (7 Natural CO2 Deposits, 38 Acid Gas Removal Facilities) and thirteen active CO2 EOR fields (in blue). Potential 
pipeline routes (grey) are determined by the SimCCS cost surface and algorithm [14]. The CO2 sources are numbered 1-45 as listed in Table 1 
We acquired facility-level data on the natural deposits of CO2, acid gas separation facilities, and enhanced oil 
recovery sites [5, 13-15] and estimated the costs to acquire or inject CO2. The costs for extracting CO2 from 
dedicated wells drilled into natural deposits were estimated from [7] and to inject CO2 into oil reservoirs for EOR 
were estimated from [7-9]. The costs to capture CO2 from acid gas separation facilities were estimated from [1, 10]. 
Table 1 shows the characteristics of the CO2 that can be acquired from the various sources and of the CO2 that can 
be injected into the EOR reservoirs. 
Table 1: Characteristics of CO2 Sources and Sinks Used in this Study. 
Sources or Reservoirs (shown in Figure 1) Number Mt CO2/yr Total 
Extracted CO2 (red numbered 1, 2, 4, 6, 12-14) 7 30.24 
Acid Gas CO2 (red numbered 3, 5, 7-11, 15-45) 38 26.24 
Enhanced Oil Recovery Fields (blue numbered 1-13) 13 40.71 
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3. Results and Discussion 
Figure 2 shows the results of the deployment of the CCUS system according to SimCCSCAP. Figure 2a shows the 
results for the “Existing” Scenario, which models the present situation where CO2 is extracted from natural CO2 
reservoirs via dedicated wells. The bottom row shows the results for when CO2 is acquired from acid gas separation 
facilities instead of the natural reservoirs. These figures show the results for the maximum amount of CO2 that can 
be provided by the CO2 sources we modeled: 30.2 MtCO2/yr for the extracted CO2 and 26.2 MtCO2/yr for the by-
product CO2. 
Figure 2. Pipeline Infrastructure that supplies CO2 from extracted CO2 reservoirs in the “Existing” Scenario (Figure 2a) or Acid Gas Separation 
Facilities in the “Optimized” Scenario (Figure 2b). The system using extracted CO2 handles 30.2 MtCO2/yr, and the system using by-product CO2 
handles 26.2 MtCO2/yr. For clarity, the cost surface in Figure 1 is not shown. 
The results in Figure 2a, which are the result of our modeling under current constraints, generally represent the 
existing industrial network that supplies CO2 to the Permian Basin. The vast majority of the CO2 comes from 
extracted wells and it is transported large distances while the CO2 produced by acid gas plants in closer proximity to 
the CO2-EOR fields is largely unused. Figure 3 is a map of the same region, published earlier by the authors, that 
shows different CO2 sources and whether or not the CO2 is being supplied [5]. The data for this map is newly 
obtained by the US Environmental Protection Agency and it confirms the modeling findings of Figure 2a, namely 
that extracted CO2 is preferable for supplying the oil fields of the Permian Basin.   
 
The results in Figure 2b show how the network might evolve if the objective was to utilize by-product CO2 in the 
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CO2-EOR projects of the Permian Basin. The pipeline routes in Figure 2b incorporate existing routes and potential 
new routes that have yet to be built. Under this scenario, much of the CO2 is still transported from large distances, in 
this case, from a large natural gas processing plant in northwest New Mexico. There are a number of smaller natural 
gas processing plants in the Permian Basin itself, but given that they are small, and distributed geospatially, they are 
difficult to build a whole infrastructure around. In addition, there are other issues related to the consistency of the 
supply that make a centralized source more desirable. Finally, in this “Optimized” scenario, there is less CO2 
available for CO2-EOR projects. Under current conditions, the “Existing” Scenario network delivers 30.2 MtCO2/yr 
while the “Optimized” Scenario can provide only 26.2 MtCO2/yr (assuming that no extracted CO2 is used). This all-
or-nothing approach is not realistic of market conditions in which some combination of both extracted and by-
product CO2 could be used to supply the EOR industry. Rather, it is meant to illustrate some of the difficulties 
associated with capitalizing on emissions reductions using by-product CO2.  
Figure 3. Sources of CO2 in New Mexico and West Texas (adapted from [5]). The size of the bubbles represents the magnitude of CO2 available. 
The filled bubbles are currently supplying their CO2 and the hollow bubbles are not.  
Figure 4 shows the net CO2 emissions and average costs as a function of the size CCUS using extracted CO2 
(brown bubble) or by-product CO2 (green bubble). The net CO2 emissions indicate the amount of the CO2 burden 
placed on the climate by using CO2 from the different types of sources. These values were calculated by applying a 
credit of 0.26 kgCO2 per kilogram of CO2 from extracted wells and the -0.96 kgCO2 per kilogram of CO2 supplied 
from acid gas separation facilities [5]. The 30.2 MtCO2/yr system that uses extracted CO2 releases 6.3 MtCO2/yr to 
the atmosphere while supplying CO2 to the EOR fields. This CO2 would not have been released to the atmosphere if 
by-product CO2 were used. In fact, supplying EOR fields with by-product CO2 instead of extracted CO2 reduces 
CO2 emissions to the atmosphere. For the systems modeled here, the 26.2 MtCO2/yr CCS system using by-product 
CO2 reduces CO2 emissions by 25.2 MtCO2/yr. 
 
The areas of the bubbles in Figure 4 are proportional to the average cost of the CCS system. The average cost of 
the 26.2 MtCO2/yr system using by-product CO2 from acid gas separation facilities is $8.03/tCO2, which is 
approximately 20% more than the average cost of the 30.2 MtCO2/yr system using extracted CO2 ($6.66/tCO2). The 
average costs for the system that uses by-product CO2 are higher than those of the extracted CO2 system, but this 
system provides significant emissions reductions. 
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Figure 4. Net CO2 Emissions and Average Costs of the CCS System for Using Extracted CO2 (brown bubble) and By-product CO2 from Acid 
Gas Separation Facilities (green bubble). 
4. Conclusions 
CO2-EOR is the most widely deployed form of CCUS today and so efforts to minimize the carbon footprint of 
CO2 sources could result in significant emissions reductions that could be deployed in the near term. The results 
presented here demonstrate that the existing state of the system, which is based almost entirely on the use of 
extracted CO2 from dedicated well, produces the lowest costs and has the lowest infrastructure burdens because long 
distance pipelines have been built to support large scale centralized CO2 extraction wells. But this activity also 
presents a very large opportunity cost in terms of the CO2 that could be sequestered. Efforts to switch to by-product 
CO2 will require the development of new pipeline networks and the connection of many smaller facilities to produce 
a CO2 supply that approximates the scale of the current system. The deployment of an optimized CO2 network will 
require some economic offset to compensate for the costs that such a transition would entail (e.g., a carbon tax). But 
overall, the scale at which this CO2 could be buried, and the fact that it is already being carried out, suggests that this 
could be an achievable target for emissions reductions in the near term.  
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